The pressing need for better drugs against Chagas disease, African sleeping sickness and 25 schistosomiasis motivates the search for inhibitors of cruzain, rhodesain and SmCB1, the major 26 cysteine proteases from Trypanosoma cruzi, Trypanosoma brucei and Schistosoma mansoni, 27 respectively. Thiosemicarbazones and heterocyclic analogues have been shown to be both 28 antitrypanocidal and inhibitory against parasite cysteine proteases. A series of compounds was 29 synthesized and evaluated against cruzain, rhodesain and SmCB1 through biochemical assays to 30 determine their potency and structure-activity relationships (SAR). This approach led to the discovery 31 of 6 rhodesain, 4 cruzain and 5 SmCB1 inhibitors with IC 50 ≤ 10 µM. Among the compounds tested, the 32 thiosemicarbazone derivative of peracetylated galactoside (4i) was discovered as a potent rhodesain 33 inhibitor (IC 50 = 1.2 ± 1.0 μM). The impact of a range of modifications was determined: removal of 34 thiosemicarbazone or its replacement by semicarbazone resulted in virtually inactive compounds and 35 modifications in the sugar also diminished potency. Compounds were also evaluated in vitro against the 36 parasites T. cruzi, T. brucei and S. mansoni, revealing active compounds among this series. 37 38
Biochemistry and Immunology Department (UFMG). All assays were performed in triplicate using 248 0.1M sodium acetate, pH 5.5, in the presence of 1 mM beta-mercaptoethanol and 0.01% Triton X-100. 249
The final concentrations of cruzain and rhodesain were 0.5 nM, and the substrate concentration was 2.5 250 μM (K m = 1 μM). For assays with SmCB1, the enzyme concentration was 8 nM and substrate 251 concentration was 5 μM. Enzyme kinetic was followed by continuous reading for 5 min at 12s 252 intervals, in the case of cruzain and rhodesain, and for 30 min at 23s intervals, in the case of SmCB1. 253 Activity was calculated based on initial velocity rates, compared to a DMSO control. For evaluation of 254 time-dependent inhibition, percentages of enzyme inhibition by a compound with or without pre-255 incubation with enzyme for 10 min were compared. Firstly, the inhibitory activity for all enzymes were 256 screening at 100 μM of compound. When the inhibition was higher than 80%, the IC 50 was determined 257 based on at least two IC 50 curves. Each curve was determined based on at least seven compound 258 concentration, each in triplicate, and the data analyzed with GraphPad Prism 5.0, employing a 259 nonlinear regression analysis of "log (inhibitor) vs response with variable slope -four parameters" 260 number of phenotypic responses recorded are then converted into a 'severity score' ranging from 0 (no 329 effect) to 4 (severely compromised). Thus, for schistosomula and adults, alterations in shape (e.g., 330
'rounding'), motility ('slow' or 'overactive') and density ('darkening') are each awarded a score of 1 331 up to the maximum of 4. In addition, for adults, the inability to adhere to the bottom of the well is 332 awarded a score of 1: damage to the integrity of the outer surface (tegument) is considered lethal to the 333 parasite and is awarded the maximum score of 4. 334
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The sugar derivatives 1, 2 and 3 were synthesized by reaction of vanillin with the corresponding 338 peracetylglycosyl bromide using lithium hydroxide as a base, according to a method previously 339 described (Figure 1) (58) . A series of thiosemicarbazones was synthesized by classical methods from 340 an aldehyde or ketone and thiosemicarbazide with yields in the range of 51-95 %. Then, the 341 thiosemicarbazones obtained were subjected to reaction with α-bromo-acetophenone, giving the 342 corresponding thiazole heterocycles (yield 29-98 %) (Figure 2) . The stereochemistry at the C=N bond 343 of the thiosemicarbazone derivatives was established by 1 H NMR spectroscopy. The value of the 344 chemical shift of the NH (9-12 ppm) is indicative of (E) configuration (59). Some semicarbazones 345
were also synthesized according to a previously described procedure (60), for comparison of the 346 activity of semicarbazones with that of the thiosemicarbazones. 347
Fifteen thiosemicarbazones and nine thiazole analogues were prepared containing an aryl or 348 heteroaryl, and/or cycloalkyl or glycosyl moieties (Figure 3) . The introduction of the carbohydrate 349 moiety (compounds 4i-4k and 5i) was designed to modulate solubility and interaction properties ( This analysis reveals that, for all compounds which inhibited rhodesain by more than 80% in the 360 screen, the percentage of inhibition is higher if the enzyme is pre-incubated with the compound, and 361 this difference is statistically significant, with p-values <0.0002 (Table S1 ). Therefore all subsequent 362 on July 8, 2017 by guest http://aac.asm.org/ Downloaded from assays were performed with a 10 minute pre-incubation against the enzymes; the SAR discussion refers 363 to the inhibition observed under this condition. 364
Eleven compounds inhibited rhodesain by at least 50% at 100 µM; IC 50 values were determined 365 for five of them. Several trends were observed based on this initial screen. Comparison between 4a and 366 4g indicates the importance of the aromatic ring. Addition of a methyl substituent at the para position 367 does not affect inhibition (4b), whereas a dimethylamine at the same position results in a more potent 368 compound (4c, IC 50 = 3.0 ± 0.8 µM), as does the replacement of the phenyl by a pyridine (4d, IC 50 = 369 3.3 ± 0.9 µM) or by an imidazol (4e, IC 50 = 4.0 ± 1.8 µM). Three cyclic analogues were less soluble, 370
and in a few cases could not be evaluated at 100 µM. They were therefore assayed at 50 µM (5c) or 75 371 µM (5a and 5b). Assay results for several pairs of compounds suggested that replacement of the 372 thiosemicarbazones by a cyclized analogue decreases potency against the enzyme (4d vs. 5d, 4h vs. 5h, 373 4e vs. 5e, 4j vs. 5i), except for 4a vs. 5a, which showed similar potency. This initial screen resulted in 374 the discovery of a potent inhibitor, 4i, with an IC 50 of 1.2 ± 1.0 µM. Comparison to 4j shows the 375 importance of the sugar, since replacement of the acetylated galactose by an acetylated glucose, 376 representing a difference in only one chiral center, results in a 20-fold decrease in potency (4j, IC 50 = 377 26.2 ± 1.5 µM). 378
The compounds were also evaluated against the T. cruzi and S. mansoni cysteine proteases, 379 cruzain and SmCB1. Like rhodesain, cruzain is a cathepsin L-like protease, and only two active 380 residues are different between both proteins. Similarity between the cathepsin B-like SmCB1 and 381 rhodesain active sites is lower, however common inhibitors have been reported for these enzymes (19). 382
The SAR for the three enzymes showed several similarities and also interesting differences. The 383 importance of the aromatic ring was confirmed (4a vs. 4g), and as observed for rhodesain both the 384 addition of a dimethylamine in this ring and its replacement by a pyrol increased potency against 385 cruzain (4c, IC 50 = 6.6 ± 3.2 μM, and 4e, IC 50 =9.7 ± 5.2 μM) and SmCB1 (4c, IC 50 = 1.5 ± 0.4 μM, and 386 4e, IC 50 = 6.8 ± 2.1 μM). However, in contrast to what was measured for rhodesain, against cruzain and 387 on July 8, 2017 by guest http://aac.asm.org/ Downloaded from SmCB1, the pyridine analogue (4d) was not as potent as the compound containing a phenyl ring (4a). 388
Interestingly, although addition of the methyl substituent neither influenced the inhibition of cruzain 389 nor rhodesain, potency against SmCB1 was increased ten-fold (4a, IC 50 = 22.4 ± 3.1 μM vs 4b, IC 50 = 390 2.5 ± 1.9 μM). Overall, the thiosemicarbazones 4c and 4e were the most potent inhibitors of the three 391 enzymes. 392
The most significant difference in potency was observed for 4i. Although this compound had 393 low micromolar potency against rhodesain (IC 50 = 1.2 ± 1.0 μM), it was approximately 35-fold less 394 potent against cruzain (IC 50 = 37.7 ± 9.8 μM) and essentially inactive against SmCB1 (IC 50 could not 395 be determined). Despite the similarity of the active sites of cruzain and rhodesain, the bottom of the S2 396 pocket in cruzain and SmCB1 contains a glutamate (Glu208 and Glu316, respectively), whereas 397 rhodesain has an alanine in the equivalent position. The S2 pocket is therefore considerably more open 398 in rhodesain, possibly providing an explanation for the ability of this enzyme to bind larger scaffolds. 399
The epimer 4j showed lower potency against cruzain and SmCB1, when compared to rhodesain. 400
Nevertheless, against these two enzymes we observed that both compounds (4i and 4j) where only 401 modest inhibitors. 402
403
SAR 404
The SAR for 4i was exploited based on the impact of removing or modifying the sugar (Table  405 2), and removing the thiosemicarbazone or modifying it to a semicarbazone ( Table 3) and rhodesain, but active against SmCB1 (4k, IC 50 = 7.7 ± 1.7 μM). 415
Removal of the thiosemicarbazone (galactosyl 1 and lactosyl 3) or its replacement by 416 semicarbazone (6a vs. 4n, 6b vs. 4m, 6c vs. 4l, 6d vs. 4o, 6f vs. 4h) resulted in compounds inactive 417 against the three enzymes, the only exception being 6f against SmCB1 (IC 50 = 5.2 ± 2.8 μM). This 418 effect has also been reported for a related compound series (27) and can be explained by the more 419 electrophilic nature of the thiosemicarbazones, and the mechanism of cysteine protease inhibition by 420 these compounds. Parasites were co-incubated for 72 h with compound two-fold serially diluted from 10 µM to 305 pM. 427
At 10 µM, none of the 24 tested compounds showed more than 60% bioactivity, defined as the 428 reduction in parasite number compared to untreated control (Table S2) . 429
For T. cruzi, compounds were tested against both amastigote and trypomastigote forms of the 430 Tulahuen strain (52). Weak trypanocidal activity was observed for this class and five compounds 431 generated IC 50 values under 100 µM. Based on the difference between the IC 50 values for parasites and 432 the L929 mouse fibroblast cell line, a Selectivity Index (SI) of each compound could be determined. 433
The SI ranged from 1.3 to 10.7 (Table S2) . Importantly, even though the trypanocidal IC 50 values were 434 high, the trypanocidal concentration was not toxic to fibroblasts, and in the case of compounds 4b and 435 4h, the IC 50 values for fibroblasts were an order of magnitude greater than those for T. cruzi (Table S2) . 
